Monolayers of group 6 transition metal dichalcogenides are promising candidates for future spin-, valley-, and charge-based applications. Quantum transport in monolayer MoS2 and its isoelectronic compounds is complex in that interplay between real spin and pseudo-spin (valley) relaxation processes leads to either positive or negative quantum correction to the classical conductivity. Here we report experimental observation of a crossover from weak localization to weak anti-localization in highly n-doped monolayer MoS2. We show that the crossover can be explained by a single parameter associated with electron spin lifetime of the system. We find that the spin lifetime is inversely proportional to momentum relaxation time and decreases sharply with carrier density, indicating that spin relaxation occures via Dyakonov-Perel mechanism.
Quasi two-dimensional (2D) crystals of group 6 transition metal dichalcogenides (TMDs)
1-3 such as MoS 2 and WSe 2 have been recognized as a new class of semiconductors for spintronics and valleytronics 4, 5 . Due to distinct crystal symmetry and strong spin-orbit coupling, monolayer MoS 2 and other group 6 TMDs exhibit spin-split degenerate valleys at the corners (K and K' points) of the Brillouin zone. Since the spin and the valley degrees of freedom are coupled via time reversal symmetry, valley degree of freedom can be accessed optically by circularly polarized light 6, 7 . A recent study has also shown that valley polarization can be electrically detected as anomalous Hall voltage arising from valley Hall effect 8 . The exploitation of coupled spin and valley degrees of freedom is an intriguing approach to enabling novel spintronic and valleytronic device concepts 4 .
The use of spin-and valley-polarized charges as information carriers requires that the polarization state be preserved over a sufficiently long period. While recent experimental studies found the valley lifetime of optically generated excitons to be on the order of nanoseconds 7 , little is known about the relaxtion lifetime in unipolar charge transport. In this regard, quantum transport 9, 10 has been suggested as an effective probe to study the dynamics of scattering processes that lead to loss of spin and valley polarization. To date, experiments on monolayers have been limited to basic transport properties 2,11,12 .
Unlike the Drude-Boltzmann semi-classical transport, the quantum corrections to the conductivity are interference effects, and are therefore universal in the sense that they should not depend on the details of the microscopic mechanisms at play. However, as discussed in literature 13 , there is a long tradition of extracting information about the underlying microscopic mechanisms from the quantum transport. For example, in GaAs heterostructures the quantum interference correction to the classical conductivity is determined by the breaking of spin-rotational symmetry by spin-orbit coupling 14 . But since the spin-relaxation rate changes with carrier density, Miller et al. 15 observed a crossover from pure weak localization (WL) at low carrier density to pure weak anti-localization (WAL) at high carrier density. A similar phenomenon has been explored in graphene. Unlike GaAs, for graphene, it is not the spin degree of freedom that is important, but the intervalley scattering that can be represented as a breaking of pseudospin-rotational symmetry 16 . By exploring this crossover caused by breaking inversion symmetry, Refs. 17 and 18 showed, for example, that the intervalley scattering in graphene came from the edges of the graphene ribbons and not from the bulk. As these examples illustrate, quantum transport can nonetheless provide important information about the microscopic mechanisms at play.
Although different mechanisms for spin and valley dynamics in MoS 2 have been studied theoretically 9,19-22 , purely electronic experiments on monolayers have thus far been missing. Previous quantum transport studies have been limited to measurements on multilayers [23] [24] [25] , in which coupled spin and valley physics is absent. In what follows, we report experimental observation of the crossover from WL to WAL in highly n-doped monolayer MoS 2 . Quantum transport in this system is complicated by the fact that both real spin and pseudospin degrees of freedom could potentially be important and give rise to a non-trivial behavior due to the interplay between spin and valley relaxation 10, 22 . However, as we show below, because of high concentration of short-range scat- tering centers such as sulfur vacancies in our monolayer samples, the time scale of intervalley scattering is much faster than that probed in our experiment. We can therefore use quantum transport measurements to carefully probe the spin-relaxation and show that it is inversely proportional to the momentum relaxation time as one would expect for the Dyakonov-Perel (DP) mechanism. This dominance of DP spin relaxation is consistent with recent theoretical expectations 19, 21 . Moreover, we find that dominant form of phase-decoherence is electron-electron (e-e) scattering which is to be expected in monolayer MoS 2 where the interaction strength is at least a factor of 10 larger compared to conventional 2D electron gases 13 .
Our experiments were conducted on dual-gated mechanically exfoliated monolayer MoS 2 on a SiO 2 /p-Si substrate as previously reported 26 . This dual gating technique is helpful in studying charge transport in the and Schottky barrier. Mean free path and momentum relaxation time τ p were obtained using n Hall and µ Hall .
An overview of our experimental results is shown in Fig. 1a ) which depicts the as-measured magneto resistivity (MR), ∆ρ(B) = ρ(B) − ρ 0 , where ρ 0 is the zero field resistivity, as a function of magnetic field and temperature. While no significant MR is observed above T = 20 K, the measurements at lower temperatures show two distinct regimes. At small magnetic field, the negative MR indicates WL, i.e. negative correction to the classical conductivity (blue region). In contrast, at T < 4 K and B > 3 T, the MR changes sign to WAL, i.e. positive correction to the classical conductivity (red regions). We also observed a similar behavior in bilayer samples 29 . Note that this behavior is just opposite to what has been observed in 2D electron gases in heterostructures 15, 30 . Our data also differs from earlier reports on bulk MoS 2 where no crossover was observed with temperature [23] [24] [25] . This observation of WAL at fields of B ∼ 3 T and above is somewhat surprising in light of recent theoretical papers 10, 22 which predict the exact opposite, i.e. WAL at low fields and WL at larger fields.
We propose two possible explanations for this discrepancy between our observations and theoretical predictions. First, it is possible that the conduction bands have some spin-texture giving rise to a π-Berry phase. Indeed, this model for the conduction bands was recently invoked to explain the observation of valley Hall effect in monolayer MoS 2 8 . However, for the range of carrier densities used in our experiment, we have E F << ∆ with the bandgap ∆, resulting in a negligible Berry's phase and a conserved sublattice isospin 9,10 . The second possible explanation is separation of length scales. The system is characterized by spin and valley degrees of freedom giving 16 possible Cooperons (corresponding to 16 possible length scales) contributing to the quantum transport 10 , and it is conceivable that in a realistic experiment, there is a large separation between different length scales and scattering rates, respectively. For example, any scattering lengthscale that is larger than phase-coherence length cannot be probed within our experiment. Similarly, if the effective magnetic field corresponding to a particular microscopic scattering mechanism is much larger than the largest magnetic fields B max that we measure, our experiment would not be able to probe its presence. More specifically, if the intravalley spin-flip (Fig. 1b, I ) and the spin-conserved intervalley scattering (Fig. 1b, II) occur at very different times cales, then instead of probing the full SU(2)⊗SU(2) spin-valley subspace, we would instead probe a single crossover in the quantum transport. As we discuss below, our data is consistent with such a WL-WAL crossover characterized by a single crossover parameter B cr (I) as sketched in Fig. 1c .
A generic crossover from the orthogonal to the symplectic universality class is parametrized by only two terms B φ and B cr (this is B cr (I) from Fig. 1c) ). Here B −1 φ
= 4eL
2 φ / is inversely related to the phasecoherence length L φ and B −1 cr = 4eDτ cr / measures a scattering mechanism with scattering time τ cr , where D is the classical Drude diffusion constant. Since the experimental data agrees with this severely constrained fit, it would suggest that only one microscopic scattering mechanism is important in the experimental window. Holding off the microscopic interpretation, the experimental observation of WL at low fields and WAL at high fields implies that the triplet Cooperons for one of the SU(2) blocks are completely gapped and the singlet channel of the other SU(2) block is experimentally unobservable. Assuming the remaining three triplets have the same relaxation time τ cr a generalization of Ref. 14 gives the change in magneto conductivity (MC) as
where F (z) is defined by F (z) = ln(z) + ψ 1 2 + 1 z with the digamma function ψ.
As shown in Fig. 2 , the two-parameter fit (left) gives excellent agreement with the measured experimental data (right). We note that different combination of prefactors in equation 1 does not yield equally satisfying fits. The measured MR curve was symmetrized to avoid contributions from the sample geometry, so that ρ(B) = (ρ(+B) + ρ(−B))/2. We find that the crossover parameter B cr is on the order of 0.1 to 1 T. For V bg = 40 V and at T = 6 K, the MC is positive, while at 2 K, it changes sign for higher magnetic fields. Note that the disappearance of MC even for T /T F << 1, where T F is the Fermi temperature, rules out semi-classical effects as the origin of the observed MC at low temperatures. In the low temperature regime (T < 10 K) the carrier mobility is nearly constant with temperature 12,26,31,32 which does not allow collapsing of the curves according to Kohlers rule (MR ∝ f (µB)) and a classic quadratic background ∝ µ 2 B 2 as observed in multilayer systems 23 . With increasing back gate voltage the WAL region shifts towards lower magnetic fields (Fig. 2b) , similar to the previously reported WL to WAL crossover at high densities in multilayer MoS 2 24 .
To further understand the microscopics of what sets the crossover, we estimate some of the relevant length scales based on our measurements and previous reports. It has been reported that MoS 2 contains significant density of sulfur vacancy defects. The estimated density varies from 3.5 × 10 10 cm −2 measured in multilayers 33 to n SV ≈ 4 × 10 13 cm −2 for monolayer samples 34 . Based on the low temperature mobility of our devices and empirical relations 35 , we estimate the sulfur vacancy density to be on the order of 7 × 10 12 cm −2 . This defect density is consistent with our analysis of DC transport on CVD monolayer MoS 2 samples 31 . This translates to spin-conserved intervalley scattering length of L iv ≈4 nm and corresponding magnetic field of 10 T. This is clearly larger than the maximum magnetic field of our experiment, B max , which now suggests an explanation for our WAL at high fields. That is, at our highest experimental magnetic fields, time-reversal symmetry is not completely broken, but the large intervalley scattering breaks our pseudospin rotational symmetry, giving us the symplectic universality class and thus WAL. The observed crossover is therefore characterized by another symmetry breaking process, spin flip scattering, which leads to a change in the universality class. Spin-orbit mediated in-plane spin relaxation in monolayer MoS 2 has been predicted to occur at time scales of several picoseconds in the conduction band 21 , corresponding to a length scale of 5-10 nm, depending on the conductivity. This is shorter than our experimentally obtained phasecoherence length which is found to be L φ ≈ 20 nm and should be observable in our experiment. Thus we assign the crossover fields to be determined by spin lifetime. Note that the spin lifetime we discuss here is different from those obtained by optical pump probe experiments, where Coulomb interaction between electrons and holes play a dominant role in the scattering processes 36 . Therefore, our experimental system is subject to the following separation of scales,
which results in the MR behaviour as sketched in (Fig. 1c) . L 00 is the length scale corresponding to the singlet channel for both spin and valley. If L 00 ≤ L φ , we would observe WAL at the lowest magnetic fields, which is clearly not the case. is the mean free path, which is on the same order of magnitude as L iv based on our transport measurements.
In Fig. 3 , we examine τ cr as a function of inverse momentum relaxation time τ and τ cr >> τ p , which is what one would expect for the DP spin relaxation mechanism; and second, the magnitude of τ cr and its steep decrease with carrier density is in remarkable agreement with the theoretical prediction in which DP mechanism is assumed to be dominant 21 . These observations provide strong evidence that DP rather than Elliot-Yaffet relaxation mechanism is dominant in the Finally, we analyze the phase coherence of our system. Figure 4 depicts the phase coherence length L φ = /4eB φ for two different gate voltages as a function of temperature. For both cases, the data shows L φ ∝ T −α behavior for higher temperatures with α on the order of 0.5, indicating that e-e interaction limits the phase coherence in this regime. Below 10 K, a saturation is observed similar to other systems 37 , pointing towards an additional dephasing mechanism. We note that the data can be fitted by an empirical function L φ = L sat tanh(const × T −α ), where L sat is the saturation value and the higher temperature limit gives the mentioned L φ ∝ T −α with α = 0.58 − 0.66. The phase coherence length shows linearly increasing trend with charge carrier density (inset Fig. 4) , which is consistent with theory 38 . This also indicates that even higher values can be expected at higher charge carrier densities.
In summary, we have studied low temperature quantum electron transport in monolayer MoS 2 . The crossover between WL and WAL in this system indicates a separation of relevant length scales due to the high concentration of short range scatterers. We describe this crossing with a single parameter, which is associated with intravalley spin flip scattering. The scattering time clearly shows the mobility and carrier density dependence of DP relaxation as predicted by theory. Further, the phase coherence length is found to be limited by e-e interaction at temperatures above 10 K. This research is supported by the National Research Foundation, Prime Ministers Office, Singapore under its Medium sized centre programm as well as the grant NRF-NRFF2011-02 (G.E.) and NRF-NRFF2012-01 (S.A.), by the Singapore Ministry of Education and Yale-NUS College (R-607-265-013121 (S.A.)), the NRF-CRP award 'Towards Commercialization of Graphene Technologies' (R-144-000-315-281 (B.O.) ) and the NRF-CRP award 'Novel 2D materials with tailored properties: beyond graphene' (R-144-000-295-281 (A.H.C.N.) ).
